J) 



® 



Europaisches Pat ntamt 
Europ an Pat nt Offi 
Office europe n d s br vets 



® Publication number : 0 649 085 A1 



EUROPEAN PATENT APPLICATION 



@ Application number : 94307583.8 
(3) Date of filing : 17.10.94 



(Si) int. ci. 6 : G06F 9/38 



(So) Priority : 



18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 
18.10.93 



US 138789 
US 138272 
US 138280 
US 138574 
US 138902 
US 138655 
US 138901 
US 138573 
US 138281 
US 138278 
US 138572 
US 139597 



(53) Date of publication of application : 
19.04.95 Bulletin 95/16 

(84) Designated Contracting States : 
CH DE ES FR GB IE IT U NL 

(£) Applicant : CYRIX CORPORATION 
2703 N. Central Expressway 
Richardson, Texas 75080 (US) 



(72) Inventor: Bluhm, Mark 
4545 Staten Island 
Piano, Texas 75082 (US) 
Inventor : Garibay, Raul A. 
6818 Chalmont Circle 
Dallas, Texas 75248 (US) 
Inventor : McMahan, Steven C. 
3311 Wyndemere Drive 
Richardson, Texas 75082 (US) 
inventor: Beard, Douglas 
18909 Uoyd Circle, 
Apt 518 

Dallas, Texas 75093 (US) 
Inventor : Hervfn, Mark W. 
17601 Preston Road, 
No. 156 

Dallas, Texas 75252 (US) 
Inventor : Eitrheim, John K. 
3700 Preston Road, 
No. 1127 

Dallas, Texas 75093 (US) 

(74) Representative : Harris, Ian Richard et al 
do D. Young & Co., 
21 New Fetter Lane 
London EC4A 1DA (GB) 



in 
oo 

I 



(S) Microprocessor pipe control and register translation. 

(57) A pipelined processor uses pipe control and register translation to maximize instruction flow through, 
in an exemplary embodiment, the execution pipelines of a superscalar, superpipelined microprocessor 
compatible with the x86 instruction set architecture. The pipe control logic simultaneously issues 
instructions into X and Y pipelines without regard to data dependencies between those instructions 
issued instructions, and in particular without regard to read-after-write dependencies. Pipe switching 
allows instructions to be issued into either execution pipeline so as to minimize stalls due to data 
dependencies between instructions. Instruction flow is controlled independently for each pipeline, with 
data dependencies between instructions being monitored at each stage of a pipeline. A register 
translation unit implements register renaming to eliminate write-after-read and write-after-read depen- 
dencies, and data forwarding (both operand forwarding and result forwarding) to eliminate read- 
after-write dependencies through the pipelines is controlled independently. The register translation unit 
controls the mapping of the eight x86 logical registers into 32 physical registers, including maintaining 
for each physical register status as to availability, logical register allocation, and write pending - 
allocations of physical registers are based on operand size. Instructions are allowed to proceed to 
execution once it has been determined that the instruction can no longer cause an exception, 
permitting out-of-order completion. Checkpoint and Exception registers in the register translation unit 
support speculative execution, permitting pipeline recovery and repair after an instruction exception, 
branch misprediction , or fl ating point rror. A microcontrol unit provides independ nt microinstruc- 
tion flows for both pipelines, enabling, for s lect d instruction : (a) both execution stages to be used to 
execute the sam instruction, and (b) control of the r gister translati n unit. 
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Cr s Raf rence to R lat dApplicati ns 

This application is related t U.S. Ser. No. 08/138,654, (Atty Docket No. CX00186), entitled "Control of 
Data for Speculative Execution and Excepti n handling in a Microproc ssor with Write Buff r" by G a rib ay et 
5 al, filed concurrently h r with, U.S. Ser. No. 08/138,783, (Atty Docket No. CX00180), entitl d "Branch Proc- 
essing Unit" to McMahon, filed concurrently herewith, U.S. Ser. No. 08/138,781, (Atty Docket No. CX00181), 
entitled "Speculative Execution in a Pipelined Processor" to Bluhm, filed concurrently herewith, and U.S. Ser. 
No. 08/138,855, (Atty Docket No. CX00167) to Hervin et ai, entitled "Microprocessor Having Single Clock In- 
struction Decode Architecture", filed concurrently herewith, ail of which are incorporated by reference herein. 
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Background of the Invention 

1. Technical Field. 

15 This invention relates in general to microprocessors and more particularly to a pipelined, superscalar mi- 
croprocessor architecture. 

2. Related Art 

20 In the design of a microprocessor, instruction throughput, i.e., the number of instructions executed per sec- 

ond, is of primary importance. The number of instructions executed per second may be increased by various 
means. The most straightforward technique for increasing instruction throughput is by increasing frequency 
at which the microprocessor operates. Increased operating frequency, however, is limited by fabrication tech- 
niques and also results in the generation of excess heat. 

25 Thus, modern day microprocessor designs are focusing on increasing the instruction throughput by using 
design techniques which increase the average number of instructions executed per clock cycle period. One 
such technique for increasing instruction throughput is "pipelining." Pipelining techniques segment each in- 
struction flowing through the microprocessor into several portions, each of which can be handled by a separate 
stage in the pipeline. Pipelining increases the speed of a microprocessor by overlapping multiple instructions 

30 in execution. For example, if each instruction could be executed in six stages, and each stage required one 
clock cycle to perform its function, six separate instructions could be simultaneously executed (each executing 
in a separate stage of the pipeline) such that one instruction was completed on each clock cycle. In this ideal 
scenario, the pipelined architecture would have an instruction throughput which was six times greater than 
the non-pipelined architecture, which could complete one instruction every six clock cycles. 

35 A second technique for increasing the speed of a microprocessor is by designing it to be a "superscalar." 
In a superscalar architecture, more than one instruction is issued per clock cycle. If no instructions were de- 
pendent upon other instructions in the flow, the increase in instruction throughput would be proportional to 
the degree of scaleability. Thus, if an architecture were superscalar to degree 2 (meaning that two instructions 
issued upon each clock cycle), then the instruction throughput in the machine would double. 

40 A microprocessor may be both superpipelined (an instruction pipeline with many stages is referred to as 
"superpipelined") and superscalar to achieve a high instruction throughput. However, the operation of such a 
system in practice is far from the ideal situation where each instruction can be neatly executed in a given num- 
ber of pipe stages and where the execution of instructions is not interdependent. In actual operation, instruc- 
tions have varying resource requirements, thus creating interruptions in the flow of instructions through the. 

45 pipeline. Further, the instructions typically have interdependencies; for example, an instruction which reads 
the value of a register is dependent on a previous instruction which writes the value to that same register - the 
second instruction cannot execute until the first instruction has completed its write to the register. 

Consequently, while superpipelining and superscalar techniques can increase the throughput of a micro- 
processor, the instruction throughput is highly dependent upon the implementation of the superpipelined, su- 

so perscalar architecture. One particular problem is controlling the flow of instructions in the pipeline increase 
the instruction throughput without increasing the frequency of the microprocessor. The efficiency of a super- 
pipelined, superscalar machine is diminished as dependencies, or other factors, cause various stages to be 
inactive during operation of the microprocessor. 

Ther fore, a need has arisen for a microprocessor archit cture with efficient c ntrol of th flow of instruc- 

55 tions therein. 
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Summary f the Invention 

The invention involves a superscalar, pipelined processor including a plurality of instruction pipelines, each 
having a plurality of stages in which instructions issued into a pipeline are proc ss d. 
5 In one aspect of the invention, the processor simultaneously issu s instructions into multiple pipelines with- 

out regard to data dependencies between such issued instructions. Pipe control means detects dependencies 
between instructions in the pipelines, and controls the flow of instructions through the stages of the pipelines 
such that a first instruction in a current stage of one pipeline is not delayed due to a data dependency on a 
second instruction in another pipeline unless the data dependency must be resolved for proper processing of 
10 the first instruction in such current stage. 

In another aspect of the invention, pipe control means controls instruction flow in the pipelines such that, 
for a given stage, a junior instruction cannot modify the processor state before a senior instruction until after 
the senior instruction can no longer cause an exception. 

in another aspect of the invention, pipe switching means allows selective switching of instructions between 
15 the pipelines, ordering instructions in the pipelines in a sequence to reduce dependencies between instruc- 
tions. 

In another aspect of the invention, at least two of the pipelines include an execution stage, and a micro- 
controller means provides independent microinstruction flows to each execution stage, selectively controlling 
each microinstruction flow such that, for selective instructions, the execution stages are independently con- 

20 trolled to process a single instruction. 

In another aspect of the invention, the pipe control means monitors state information for each stage and 
controls the flow of instructions between stages responsive to the state information, such that an instruction 
in a pipeline can advance from one stage to another independent of the instruction flow in other pipelines. 
In another aspect of the invention, the pipe control means eliminates a dependency between first and sec- 

25 ond instructions by altering the operand source for one of the instructions. 

In another aspect of the invention, the register translation means maintains processor state information 
defining a set of physical registers that have been most recently allocated to each of the logical registers in 
response to writes to those logical registers. When instructions are issued into a pipeline prior to determining 
whether such instructions will cause an exception, at each stage of the pipeline, the state information for the 

30 instruction at that stage is checkpointed such that, if an instruction causes an execption, the corresponding 
checkpointed state information is retrieved to restore the processor state to the point of issuing that instruction. 
In addition, if a branch or floating point instruction is issued into a pipeline, and subsequent instructions are 
the speculatively issued behind such branch or floating point instruction, the state information for such branch 
or floating point instruction is checkpointed such that, if the branch is mispredicted or the floating point instruc- 

35 tion faults, the corresponding checkpointed state information is retrieved to restore the processor state to the 
point of issuing the branch or floating point instruction. 

In another aspect of the invention, the defined set of logical registers have multiple addressable sizes as 
sources and destinations of operands for instructions. The register translation means allocates physical reg- 
isters to one of said defined set of logical registers responsive to an instruction for writing to said one of said 

40 logical registers and the size associated with the logical register. 

In another aspect of the invention, the register translation means stores, for each physical register, a cur- 
rent indication and logical ID code indicating whether the physical register contains the current value for the 
logical register identified by such logical ID code. For each access to a logical register, the corresponding log- 
ical ID code is compared with each logical ID code stored with a physical register, and a corresponding physical 

45 ID code is output for the physical register containing the current value of the associated logical register. In ad- 
dition, the register translation unit is capable of storing, for each physical register, status information indicating 
whether a data dependency exists for an associated logical register. 

In another aspect of the invention, at least one of the execution pipelines includes an execution unit that 
is controlled by a microcontroller means. For selected instructions, the register translation means is also con- 
so trolled by the microcontroller means. 

Embodiments of the present invention may be implemented to realize one or more of the following tech- 
nical advantages. Instructions are issued without regard to dependencies between themso that bubbles are 
not introduced into the pipeline unnecessarily, since dependencies may resolve themselves without stalling, 
either through n rmai instruction f I w, or through mechanisms in the pipeline to res Ive dependencies. Instruc- 

55 tions may compl te out of order after they can no I nger fault, which is particularly advantageous with multi- 
box instructions which may tak many clock cycles to compl t and would otherwise significantly stall th flow 
of instructions. D p ndenci s may be reduced by switching instructions betw en the pipelin s. Two execution 
units in separat pip lines can be s parat ly controlled to process a single instruction, using two s parate 
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microinstruction flows, without significantly increasing compl xity of the execution stag s or the microse- 
qu ncer. Instructions can proc ed independ ntly through respective execution pipelines, allowing bubbles 
caus d by depend ncies to be remov d during the proc ssing of instructions — in, particular, read-after-write 
dependenci s may be eiiminat d without recompiling th source code to alt r the order of instructions. All of 

5 these features and advantages s rv to maximize pipeline ex cution perform a nc . 

Other ar as where embodiments of the pr sent inv ntion may be implemented to provid technical ad- 
vantages are as follows. By maintaining the status of pending writes to each of the physical registers, the control 
for allocating registers and providing status information is also simplified. Checkpointing state information re- 
lating to the physical registers allows the microprocesssor to restore the processor state after instructions that 

10 cause exceptions, mispredicted branches, floating point errors, or other instruction errors, within a single clock 
cycle, thereby greatly reducing the penalty on recovery from such an error. Register renaming is supported 
for multiple-sized logical registers to provide elimination of certain data dependencies while maintaining com- 
patibility with existing instruction sets using multiple-sized registers. A physical register can be quickly iden- 
tified responsive to a request for a logical register, using a minimum of hardware. Maintaining status information 

15 associated with the physical registers allows data dependencies to be readily detected. The register translation 
unit used in implementing these features and advantages can be, for selected instructions, controlled directly 
by a microcontroller controlling the execution unit(s) that process such instructions (rather than by the normal 
method of using hardware control signals). 

20 Brief Description of the Drawings 

For a more complete understanding of the present invention, and the advantages thereof, reference is now 
made to the following descriptions taken in conjunction with the accompanying drawings, in which: 
Figure 1a illustrates a block diagram of a superscalar, superpipelined microprocessor 
25 Figure 1 b illustrates the seven pipeline stages of the microprocessor, including X and Y execution pipes; 
Figure 2 is a block diagram of an exemplary computer system; 

Figure 3 illustrates a timing diagram showing the flow of instructions through the pipeline unit; 

Figure 4 illustrates a block diagram of the control mechanism for controlling the flow of instructions through 

the pipeline unit; 

30 Figure 5 illustrates a flow diagram illustrating out-of-order completion of instructions; 

Figures 6a-b and 7 illustrate a flow of instruction through the pipeline using pipe switching; 

Figure 8 illustrates a flow diagram describing the method of pipe switching; 

Figure 9 illustrates a functional block diagram of the register translation unit; 

Figure 10 illustrates the control registers used in the register translation unit; 
35 Figure 11 illustrates circuitry for generating bits for the Register Busy register; 

Figure 12a illustrates a representation of a variable size extended register under the X86 architecture; 

Figure 12b illustrates a flow chart for allocating logical registers with variable sizes; 

Figure 1 3 illustrates circuitry for selectable control of the register translation unit; 

Figures 14a-b illustrate the portions of the register translation unit for performing translation and hazard 
40 detection; 

Figures 15a-b illustrate operand forwarding; 

Figures 16a-b illustrate result forwarding; 

Figures 17a-b illustrate the detection of forwarding situations; 

Figure 1 8 is a block diagram of the forwarding circuitry; and 
45 Figures 19a-b illustrate pipe control for multi-box instructions. 

Detailed Description of the Preferred Embodiments 

The detailed description of an exemplary embodiment of the microprocessor of the present invention is 
so organized as follows: 

1 . Exemplary Processor System 

1.1. Microprocessor 

1.2. System 

2. G neralized Pipeline Fl w 
55 3. Pipeline Control 

3.1. Generalized Stall Control 

3.2. Pipe Switching 

3.3. Multi-box Instructi ns 
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3.4. Exclusive Instructions 

4. In order Passing\Out-of-Order Completion of Instructions 

5. Pip Switching 

6. Issuing Instructions Without Regard to D p nd nci s 

7. Multi-thread d EX Operation 

8. Register Translation Unit 

8.1. Register Translation Overview 

8.2. Translation Control Registers 

8.3. Register Allocation 

8.4. Instructions With Two Destinations 

8.5. Checkpointing Registers for Speculative Branch Execution 

8.6. Recovery from Exceptions 

8.7. Microcontrol of the Register Translation Unit 

8.8. Register ID Translation and Hazard Detection 

9. Forwarding 

10. Conclusion 

This organizational table and the corresponding headings used in this detailed description, are provided 
for the convenience of reference only. Detailed description of conventional or known aspects of the micropro- 
cessor are omitted as to not obscure the description of the invention with unnecessary detail. 

1. Exemplary Processor System 

The exemplary processor system is shown in Figures 1a and 1b, and Figure 2. Figures 1a and 1b respec- 
tively illustrate the basic functional blocks of the exemplary superscalar, superpipelined microprocessor along 
with the pipe stages of the two execution pipelines. Figure 2 illustrates an exemplary processor system (moth- 
erboard) design using the microprocessor. 

1.1. Microprocessor 

Referring to Figure 1 a, the major sub-blocks of a microprocessor 1 0 include: (a) CPU core 20, (b) prefetch 
buffer 30 , (c) prefetcher 35, (d) BPU (branch processing unit) 40, (e) ATU (address translation unit) 50, and 
(f) unified 16 Kbyte code/data cache 60, including TAG RAM 62. A 256 byte instruction line cache 65 provides 
a primary instruction cache to reduce instruction fetches to the unified cache, which operates as a secondary 
instruction cache. An onboard floating point unit (FPU) 70 executes floating point instructions issued to it by 
the CPU core 20. 

The microprocessor uses internal 32-bit address and 64-bit data buses ADS and DBS. A 256 bit (32 byte) 
prefetch bus PFB, corresponding to the 32 byte line size of the unified cache 60 and the instruction line cache 
65, allows a full line of 32 instruction bytes to be transferred to the instruction line cache in a single clock. 
Interface to external 32 bit address and 64 bit data buses is through a bus interface unit BIU. - 

The CPU core 20 is a superscalar design with two execution pipes X and Y. It incudes an instruction de- 
coder 21 , address calculation units 22X and 22Y, execution units 23X and 23Y, and a register file 24 with 32 
32-bit registers. An AC control unit 25 includes a register translation unit 25a with a register scoreboard and 
register renaming hardware. A microcontrol unit 26, including a microsequencer and micro ROM, provides exe- 
cution control. 

Writes from CPU core 20 are queued into twelve 32 bit write buffers 27 ~ write buffer allocation is per- 
formed by the AC control unit 25. These write buffers provide an interface for writes to the unified cache ~ 
non-cacheable writes go directly from the write buffers to external memory. The write buffer logic supports 
optional read sourcing and write gathering. 

A pipe control unit 28 controls instruction flow through the execution pipes, including keeping the instruc- 
tions in order until it is determined that an instruction will not cause an exception, squashing bubbles in the 
instruction stream, and flushing the execution pipes behind branches that are mispredicted and instructions 
that cause an exceptions. For each stage, the pipe control unit keeps track of which execution pipe contains 
the earliest instruction, and provides a stall output and receives a delay input. 

BPU 40 predicts th direction of branches (taken or not taken), and pr vides target addr sses for predicted 
taken branches and unconditional change f flow instructions (jumps, calls, returns). In addition, it monit rs 
speculative execution in the case of branches and floating point instructions, i.e., th execution of instructions 
speculate ly issued after branch s which may turn out to be mispredicted, and floating point instructions is- 
sued to th FPU which may fault aft r the speculatively issued instructions have completed execution. If a f loat- 
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ing point instruction faults, or if a branch is mispredicted (which will not be known until the EX or WB stage 
for the branch), then the execution pipeline must be repair d to the point of the faulting or mispredicted instruc- 
ti n (i.e., the ex cution pip line is flushed behind that instructi n), and instruction fetch restarted. 

Pipelin repair is accomplished by cr ating checkpoints of the processor state at each pipe stage as a float- 

5 ing point or predicted branch instruction ent rs that stage. For these checkpoint d instructions, all r sources 
(prog ra mm r visibl registers, instructi n point r, condition code register) that can be modified by succe ding 
speculatively issued instructions are checkpointed. If a checkpointed floating point instruction faults or a 
checkpointed branch is mispredicted, the execution pipeline is flushed behind the checkpointed instruction — 
for floating point instructions, this will typically mean flushing the entire execution pipeline, while for a mis- 

10 predicted branch there may be a paired instruction in EX and two instructions in WB that would be allowed to 
complete. 

For the exemplary microprocessor 1 0, the principle constraints on the degree of speculation are: (a) spec- 
ulative execution is allowed for only up to four floating point or branch instructions at a time (i.e., the speculation 
level is maximum 4), and (b) a write or floating point store will not complete to the cache or external memory 

15 until the associated branch or floating point instruction has been resolved (i.e., the prediction is correct, or 
floating point instruction does not fault). 

The unified cache 60 is 4-way set associative (with a 4k set size), using a pseudo-LRU replacement al- 
gorithm, with write-through and write-back modes. It is dual ported (through banking) to permit two memory 
accesses (data read, instruction fetch, or data write) per clock. The instruction line cache is a fully associative, 

20 lookaside implementation (relative to the unified cache), using an LRU replacement algorithm. 

The FPU 70 includes a load/store stage with 4-deep load and store queues, a conversion stage (32-bit to 
80-bit extended format), and an execution stage. Loads are controlled by the CPU core 20, and cacheable 
stores are directed through the write buffers 29 (i.e., a write buffer is allocated for each floating point store 
operation). Referring to Figure 1 b, the microprocessor has seven-stage X and Y execution pipelines: instruction , 

25 fetch IF, two instruction decode stages ID1 and ID2, two address calculation stages AC1 and AC2, execution 
EX, and write-back WB. Note that the complex instruction decode ID and address calculation AC pipe stages 
are superpipelined. 

The IF stage provides a continuous code stream into the CPU core 20. The prefetcher 35 fetches 1 6 bytes 
of instruction data into the prefetch buffer 30 from either the (primary) instruction line cache 65 or the (sec- 

30 ondary) unified cache 60. BPU 40 is accessed with the prefetch address, and supplies target addresses to 
the prefetcher for predicted changes of flow, allowing the prefetcher to shift to a new code stream in one clock. 

The decode stages ID1 and ID2 decode the variable length X86 instruction set The instruction decoder 
21 retrieves 16 bytes of instruction data from the prefetch buffer 30 each clock. In ID1, the length of two in- 
structions is decoded (one each for the X and Y execution pipes) to obtain the X and Y instruction pointers - 

35 - a corresponding X and Y bytes-used signal is sent back to the prefetch buffer (which then increments for the 
next 16 byte transfer). Also in ID1, certain instruction types are determined, such as changes of flow, and im- 
mediate and/or displacement operands are separated. The ID2 stage completes decoding the X and Y instruc- 
tions, generating entry points for the microROM and decoding addressing modes and register fields. 

During the ID stages, the optimum pipe for executing an instruction is determined, and the instruction is 

40 issued into that pipe. Pipe switching allows instructions to be switched from lD2x to AC1y, and from ID2y to 
AC1x. For the exemplary embodiment, certain instructions are issued only into the X pipeline: change of flow 
instructions, floating point instructions, and exclusive instructions. Exclusive instructions include: any instruc- 
tion that may fault in the EX pipe stage and certain types of instructions such as protected mode segment loads, 
string instructions, special register access (control, debug, test), Multiply/Divide, Input/Output, PUSHA/POPA 

45 (PUSH alt/ POP all), and task switch. Exclusive instructions are able to use the resources of both pipes because 
they are issued alone from the ID stage (i.e., they are not paired with any other instruction). Except for these 
issue constraints, any instructions can be paired and issued into either the X or Y pipe. 

The address calculation stages AC1 and AC2 calculate addresses for memory references and supply mem- 
ory operands. The AC1 stage calculates two 32 bit linear (three operand) addresses per clock (four operand 

so addresses, which are relatively infrequent, take two clocks). During this pipe stage, data dependencies are 
also checked and resolved using the register translation unit 25a (register scoreboard and register renaming 
hardware) the 32 physical registers 24 are used to map the 8 general purpose programmer visible logical 
registers defined in the X86 architecture (EAX, EBX, ECX, EDX, EDI, ESI, EBP, ESP). During the AC2 stage, 
the r gister f il 26 and the unified each 70 are access d with the physical address (for each hits, each 

55 access time for the dual ported unified cache is the same as that of a register, effectively extending the r gister 
set) -- the physical address is either the linear address, or if address translate n is enabled, a translated address 
generated by the TLB 60. 

The AC unit includes 8 architectural (I gical) r gisters(repr senting the X86 defined register set) that are 

7 
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used by the AC unit to avoid th delay required to access in AC1 the register translation unit before accessing 
register operands for address calculation. For instructions that require address calculations, AC1 waits until 
the required data in th architectural regist rs is valid (no read after write dependencies) before accessing 
th se registers. During the AC2 stage, sourc operands are obtained by accessing the register file 26 and the 

5 unified each 60 with the physical addr ss (for each hits, each access time for the dual p rted unified cache 
is the same as that of a register, effectively extending the register set) - the physical address is either the 
linear address, or if address translation is enabled, a translated address generated by the ATU 50. 

Translated addresses are generated by the ATU (using a TLB or translation lookaside buffer) from the lin- 
ear address using information from page tables in memory and workspace control registers on chip. The uni- 

10 f ied cache is virtually indexed and physically tagged to permit, when address translation is enabled, set se- 
lection with the untranslated address (available at the end of AC1) and, for each set, tag comparison with the 
translated address from the ATU (available early in AC2). Checks for any segmentation and/or address trans- 
lation violations are also performed in AC2. 

instructions are kept in program order until it is determined that they will not cause an exception. For most 

15 instructions, this determination is made during or before AC2 — floating point instructions and certain exclusive 
instructions may cause exceptions during execution. Instructions are passed in order from AC2 to EX (or in 
the case of floating point instructions, to the FPU) - because integer instructions that may still cause an ex- 
ception in EX are designated exclusive, and therefore are issued alone into both execution pipes, handling ex- 
ceptions in order is ensured. 

20 The execution stages EXx and EXy perform the operations defined by the instruction. Instructions spend 

a variable number of clocks in EX, i.e., they are allowed to execute out of order (out of order completion). Both 
EX stages include adder, logical, and shifter functional units, and in addition, the EXx stage contains multi- 
ply/divide hardware. 

The write back stage WB updates the register file 24, condition codes, and other parts of the machine state 
25 with the results of the previously executed instruction. The register file is written in PM1 (phase 1 ) of WB, and 
read in PH2 (phase 2) of AC2. 

Additional disclosure on the write buffer 27, speculative execution and the microsequencer may be found 
in U.S. Ser. No. 08/138,654, (Atty Docket No. CX00186), entitled "Control of Data for Speculative Execution 
and Exception Handling in a Microprocessor with Write Buffer" by Garibay et al, filed concurrently herewith, 
30 U.S. Ser. No. 08/138,783, (Atty Docket No. CX00180), entitled "Branch Processing Unit" to McMahon, filed 
concurrently herewith, U.S. Ser. No 08/138,781, (Atty Docket No. CX00181), entitled "Speculative Execution 
in a Pipelined Processor" to Bluhm, filed concurrently herewith, and U.S. Ser. No 08/138,855 , (Atty Docket 
No. CX00167) to Hervin et al, entitled "Microprocessor Having Single Clock Instruction Decode Architecture", 
filed concurrently herewith, all of which are incorporated by reference herein. 

35 

1.2. System 

Referring to Figure 2, for the exemplary embodiment, microprocessor 10 is used in a processor system 
that includes a single chip memory and bus controller 82. The memory/bus controller 82 provides the interface 
40 between the microprocessor and the external memory subsystem — level two cache 84 and main memory 86 
controlling data movement over the 64 bit processor data bus PD (the data path is external to the controller 
which reduces its pin count and cost). 

Controller 82 interfaces directly to the 32-bit address bus PADDR, and includes a one bit wide data port 
(not shown) for reading and writing registers within the controller. A bidirectional Isolation buffer 88 provides 
45 an address interface between microprocessor 10 and VL and ISA buses. 

Controller 82 provides control for the VL and ISA bus interface. A VL/ISA interface chip 91 (such as an 
HT321) provides standard interfaces to a 32 bit VL bus and a 16 bit ISA bus. The ISA bus interfaces to BIOS 
92, keyboard controller 93, and I/O chip 94, as well as standard ISA slots 95. The interface chip 91 interfaces 
to the 32 bit VL bus through a bidirectional 32/16 multiplexer 96 formed by dual high/low word [31:16]/[15:0] 
so isolation buffers. The VL bus interfaces to standard VL slots 97, and through a bidirectional isolation buffer 
98 to the tow double word [31 :0] of the 64 bit processor data bus PD. 

2. Generalized Pipeline Flow 

55 Figure 3 illustrates the flow of ight instructi ns through th pipeline, showing th vertapping execution 

f the instructi ns, for a two pip line architecture. Additional pipelines and additional stages for each pipelin 
could also b provided. In the pr f rr d embodiment, th microprocessor 10 uses an internal cl ck 122 which 
is a multiple of the system clock 124. In Figure 3, the int rnal clock is shown as op rating at two times th 
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frequency of the system clock. 

During the first internal clock cycle 126, th ID1 stag op rates on resp ctive instructions XO and YO. Dur- 
ing internal clock cycle 128, instructions XO and YO are in the ID2 stage (XO b ing in ID2x and YO being in 
ID2y) and instructions X1 and Y1 are in the ID1 stage. During internal clock cycle 130, instructions X2 and Y2 

5 are in the ID1 stage, instructions X1 and Y1 ar in the ID2 stag (X1 b ing in ID2x and Y1 being in ID2y) and 
instructions XO and YO are in the AC1 stage (XO being in AC1x and YO being in ACly). During internal clock 
cycle 132, instructions X3 and Y3 are in the ID1 stage, instructions X2 and Y2 are in the ID2 stage, instructions 
X1 and Y1 are in the AC1 stage and instructions XO and YO are in the AC2 stage. The instructions continue 
to flow sequentially through the stages of the X and Y pipelines. 

10 As shown in clocks 134-140, the execution portion of each instruction is performed on sequential clock 
cycles. This is a major advantage of a pipelined architecture - the number of instructions completed per clock 
is increased, without reducing the execution time of an individual instruction. Consequently a greater instruc- 
tion throughput is achieved without requiring greater demands on the speed of the hardware. 

The instruction flow shown in Figure 3 is the optimum case. As shown, no stage requires more than one 

15 clock cycle. In an actual machine, however, one or more stages may require additional clock cycles to complete 
thereby changing the flow of instructions through the other pipe stages. Furthermore, the flow of instructions 
through one pipeline may be dependent upon the flow of instructions through the other pipeline. 

A number of factors may cause delays in various stages of one or all of the pipelines. For example, an 
access to memory may miss in the memory cache, thereby preventing access of the data in the time required 

20 to process the instruction in one clock. This would require that either, or both, sides of the EX stage to delay 
until the data was retrieved from main memory. An instruction may require a hardware resource, such as a 
multiplier, which is only in one of the execution stages (in EXX in the X execution pipe) in the illustrated em- 
bodiment In this case, the instruction must delay until the resource is available. Data dependencies can also 
cause delays. If an instruction needs the result from a previous instruction, such as an ADD, it must wait until 

25 that instruction is processed by the execution unit 

Other delays are caused by "multi-box" instructions; i.e., instructions which are implemented using mul- 
tiple microinstructions, and therefore require more than one clock cycle in the EX pipe stage to complete. These 
instructions stop the flow of subsequent instructions through the pipeline at the output of the ID2 stage. 
The flow of instructions through the pipeline is controlled by the pipe control unit 28. In the preferred em- 

30 bodiment, a single pipe control unit 28 is used to control the flow of instructions through both (or all) of the 
pipes. To control the flow of instructions through the pipes, the pipe control unit 28 receives "delay" signals 
from the various units comprising the pipelines 102 and 104, and issues "stair signals to the various units. 

Although a single pipe control unit 28 is used for both X and Y pipelines, the pipelines themselves are con- 
trolled independent of one another. In other words, a stall in the X pipeline does not necessarily cause a stall 

35 in the Y pipeline. 

3. Pipeline Control 

Figure 4 illustrates the inter-stage communication between pipeline stages. The stages are arbitrarily des- 

40 ignated as stage N-1, stage N, and stage N + 1. Each stage has a unique input STALL from the pipe control 
unit (pipe controller) 28 and an output DELAY. The DELAY output is enabled if the stage needs at least one 
more dock to complete the instruction it contains. For each pipeline, the pipe control unit 28 determines wheth- 
er a stage of a pipe is "done" based on the DELAY signal. A stage is "done" if it is ready to pass its instruction 
to a succeeding stage. The STALL input to a stage is enabled by the pipe control unit 28 if the stage cannot 

45 transfer an instruction to the succeeding pipe stage, because that succeeding stage is delayed or stalled. In 
the preferred embodiment, a pipeline stage is stalled only if it is not delayed (i.e., the DELAY signal is false). 

A "valid" pipe stage is one containing an instruction, either in progress or complete. An invalid pipe stage 
does not contain an instruction. An invalid pipe stage is said to contain a "bubble". "Bubbles" are created at 
the front end of the pipeline 1 00 when the ID1 and ID2 stages cannot decode enough instructions to fill empty 

so AC1 and AC2 stages 112 and 114. Bubbles can also be created when a pipe stage transfers its instruction to 
the succeeding stage, and the prior stage is delayed. While the pipe stages do not input or output bits indicating 
the validity of the stages, bubbles in the stages are tracked by the pipeline control unit 28. 

In some cases, a bubble in a pipe stage may be overwritten by an instruction from the preceding stage, 
r f rred to as a "slip." Pipe stages may also be "flushed", if they contain an instruction which should n t com- 

55 piete due t an exception condition in a succ eding pipe stage. The signal FLUSH is an input to each pip 
stage. A pipe stage g n rates an "exception" if its instruction cannot compl t due to an error condition and 
should not transf r beyond the current stage. Exceptions can ccur in the IF stage 106, th ID1 and ID2 stages, 
and the AC1 and AC2 stages for all instruct! ns. Certain instructions, designated as "exclusive" instructions 
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may have exceptions occur in the ex cution stage 116. Furth rmore, exceptions can occur for floating point 
instructions. 

3.1. Gen raiized Stall C ntrol 

In the general case, the pipe controller will stall a stage of a pipeline if the stage is valid and it is not delayed 
and the next stage is either delayed or stalled. This may be described logically for a stage N as: 

STALU = v N »!d N »(d N ♦ ^ + STALL* ♦ 0 

where: 

v N is true if stage N is valid, 
d N is true if DELAY for stage N is true and 
! denotes that the succeeding term is negated. 
For a six stage pipeline, the description can be expanded as: 

STALL6 = false 
STALL 5 = v 5 »!d 5 »d 6 
STALU = V 4 «!d4»(d5 + V5«!d5«d 6 ) 
STALL 3 = v 3 »!d 3 »(d 4 + v 4 »ld 4 «(d 5 + v 5 «!d 5 «d 6 ) 
STALL 2 = v 2 »!d 2 «(d 3 + v 3 «!d 3 «(d 4 + v 4 #!d 4 »(d 5 + v 5 »!d 5 »d 6 ))) 
STALL, = v^ld^^ + v 2 »!d 2 »(d 3 + v 3 »ld 3 «(d 4 + v 4 «!d 4 »(d 5 + v 5 «!d 5 »de)))) 
When the pipe control unit 28 stalls a stage of a pipeline, it does not necessarily stall the corresponding 
stage of the other pipeline. Whether the other stage is stalled depends upon the sequence of instructions and 
other factors, as described below. 

3.2. Pipe Switching 

While the general model above works for an architecture where instructions flow through the pipe they 
nter, a more complex control structure is necessary when instructions are allowed to switch between pipes 
as shown in Figure 2. The mechanism for determining whether a switch will occur is described in greater detail 
hereinbelow. 

In the preferred embodiment, the pipe control unit 28 keeps the instructions "in program order* (or "in or- 
der") until they are passed from their AC2 stage to the EX stage. "In order" means that a "junior" instruction 
cannot be at a pipeline stage beyond a "senior" instruction (a junior instruction's position in the sequence of 
instructions received by the microprocessor is after that of a senior instruction), although a junior instruction 
may be at the same stage as a senior instruction. Thus, instruction l T+ i (the junior instruction) can be in AC1x 
while instruction l T (the senior instruction) is in AC1y, but l T+1 cannot advance to AC2x until l T advances to 
AC2y, although l T can advance without waiting for h>i to advance. 

Due to the sequential nature of the IF stage and the ID1 stage, instructions will not get out of order within 
these two stages. The flow of instructions through the ID2, AC1 and AC2 stages, however, necessitates mod- 
ifications to the general stall mechanism. To aid in controlling instruction flow in this situation, the pipe control 
unit 28 maintains a control signal XFIRST for each pipe stage. If XFIRST is true for a particular stage, then 
the instruction in this stage of the X pipeline is senior to the instruction in the corresponding stage of the Y 
pipeline, in the illustrated embodiment, with two pipelines, XFIRST indicates which pipeline has the senior of 
the two instructions for a particular stage; for impieme ntations with more than two pipes XFIRST would indicate 
the relative seniority of each instruction at each stage. 

At the output of the ID2 units, the pipe control unit must determine whether an instruction can proceed to 
either the AC1x or AC1y. A senior instruction can proceed (assuming it is valid and not delayed) if the suc- 
ceeding stage of either pipeline is not delayed or stalled. A junior instruction can proceed (assuming it is valid 
and not delayed) only if the senior instruction in the corresponding stage of the other pipeline will not delay or 
stall. This can be described logically as: 

st 3X = V3x*(d 3X + d 4X + STALUx) 
st 3Y = v 3Y «(d 3 Y + d 4Y + STALLS 
where st 3 specifies whether the corresponding pipeline will stall or delay at or below the ID2 stage. 
STALLax = v 3 x«!d 3 x«(d 4X + STALUx) + IXFIRST^stay 
STALL 3Y = v 3Y #!d 3 Y»(d 4Y + STALUv) + XFIRST 3 »st 3X 

3.3. Multi-box instructions 

The EX stage of each pipeiin is c ntrolled independently of the other EX stage by microinstructions from 
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the microROM. While many instructions ar implemented by a single microinstruction, and hence pass through 
the EX stage in a single clock cycle, som instructions requir multipl microinstructions for th ir execution 
and hence require more than one clock cycl to complete. Th s instructions ar r f rred to as "multi-box" 
instructions. 

s Because the microROM cannot b accessed by anoth r instruction in th same pipeline during x cut ion 

of a multi-box instruction, a new instruction cannot be passed from the ID2 stage of a pipe t an AC1 stage 
of a pipe until after the last microROM access for the multi-box instruction. This is due to the microROM being 
accessed during AC1. As the multi-box instruction reads its last microinstruction, the following instruction is 
allowed to access the microROM and enter AC1, so that no bubbles are produced. 

10 When the ID2 stage of a pipeline receives an instruction from the ID1 stage, it decodes whether an in- 
struction is multi-box. The pipe control unit 28 will stall the ID2 stage until the multi-box instruction is finished 
with the microROM. The EX stage will signal the end of a multi-box instruction via a UDONE signal. The control 
necessary to support multi-box instructions may be described as: 

stax = !d 3X »v 3X *(d 4 x + STALUx + MULT1BOX4 X »lUDONE 4 x) 

15 st 3Y = !d3Y»v 3 Y«(d4Y + STALUy + MULTIBOX4y»!UDONE 4 y) 

STALLax = stax + !XFIRST 3 «st 3Y 
STALL 3Y = st 3Y + IXFIRSTs^stax 
Amulti-box instruction can use the resources of AC1 , AC2, and EX. Additional pipe control relating to multi- 
box instructions is discussed in connection with Figures 19a-b. In Figure 19a, l 0 is in the EX stage of the X 

20 pipeline and l 1t a multi-box instruction, is in the AC2 (l 1a ) and AC1 (l 1b )stages. From the viewpoint of the pipe 
control unit, the multi-box instruction h is treated as a single instruction, and a delay in any stage occupied 
by the multi-box instruction will cause all stages associated with the multi-box instruction to stall. Thus, a delay 
in l 1b will cause l 1a to stall, even though l 1a is in front of l 1b in the pipeline. This is the only situation in which a 
delay in one stage will result in a stall in a succeeding stage. 

25 The pipe control unit 28 keeps track of the boundaries between instructions through the use of a head bit 
associated with each microinstruction. The head bit indicates whether the microinstruction is the first micro- 
instruction of an instruction, even if the instruction is a one-box instruction. If the head bit is not true for a 
given microinstruction, then it is not the first microinstruction. By checking the head bit for each microinstruc- 
tion in a pipeline, the pipe control unit can determine boundaries between instructions and stall the stages ac- 

30 cordingly. 

3.4. Exclusive Instructions 

Another type of instruction used in the preferred embodiment is an "exclusive" instruction. Any instruction 

35 which has the possibility of causing an exception while executing in the EX stage is labeled as exclusive. Ex- 
ceptions are discussed in greater detail below. An instruction requiring multiple memory accesses is labeled 
exclusive because it may cause an exception during such an access. Other instructions are labeled as exclu- 
sive because they modify control registers, memory management registers or use a resource such as a multiply 
hardware only available in one execution pipe. Exclusive instructions may be either single-box or multi-box. 

40 Exclusive instructions must be executed alone (i.e., no other instruction is used in the corresponding stage of 
the other pipe), due to the exclusive instruction's effect on the state of the machine or because the instruction 
can benefit from the use of both EX units. Examples of exclusive instructions that may cause an exception in 
the EX stage are DIV (divide), which may cause a divide by zero error, and instructions which must perform 
memory access during the EX stage like PUS HA. Other examples of exclusive instructions from the 486 in- 

45 struction set are: ARPL, BOUND, CALL, CLC, OLD, CLI, CLTS, CMC, CMPS, DIV, ENTER, HLT, IDIV, IMUL. 
IN, INS, INT, INTO, INVD, INVLPG, IRET, LAHF, LAR, LEAVE, LGDT, LIDT, LGS (PM), LSS (PM), LDS (PM), 
LES (PM). LFS(PM), LLDT, LMSW, LODS, LSL, LTR, MOV (SR), MOVS, MUL, OUT, OUTS, POPA, POPF, POP 
MEM, PUSHA, PUSHF, PUSH MEM, RET, SAHF, SCAS, SGDT, SIDT, SLOT, SMSW, STC, STD, STI, STOS, 
STR, VERR, VERW, WAIT, and WBINVD, where "PM" denotes a protected mode instruction and "SR" denotes 

so an instruction using special or control registers. 

The 1D1 stage decodes which instructions are exclusive. The pipe control unit 28 stalls exclusive instruc- 
tions at the ID2 stage until both AC1x and AC1y stages are available. 

Figure 19b illustrates the effect of a delay of an exclusive multi-box instruction. 

An exclusive multi-box instruction occupies the EX, AC2 and AC1 stages for both the X and Y pipelines. 

ss If any of th stages occupied by the xclusiv multi-box instruction delays, the corresponding stage of the op- 
p sitepipelin will also delay, and the other stages ass ciat d with the multi-box instruction will be stalled by 
the pipe control unit in order to keep the multi-box instruction together. Hence, if instruction l xb delays, then 
l yb delays and Ixa, l ya , l xe and l yc ar stall d. With an exclusive multi-box instruct! n,tw h ad bits, one f reach 
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pipeline, are us d to denot the beginning of th instruction. 

4. In rd rPas ing\Out- f-Ord rCompleti noflnstructi ns 

5 R ferring to Figures 1a and 1 b, as described abov , instructions are maintained in order by the pipe control 

unit 28, until they pass from the AC2 stage to the EX stage. An instruction is considered "passed" to the EX 
stage once execution begins on the instruction, since some preliminary procedures relating to advancement 
to the next stage, such as changing pointers to the instruction, may be done before all exceptions are reported. 
Once an instruction passes from an AC2 stage to an EX stage, it can complete its execution out-of-order 
10 (i.e., the junior instruction can continue on to the write back stage before the senior instruction), unless there 
is a resource or a data dependency which prevents the instruction from executing out-of-order. For example, 
a read-after-write (RAW) dependency would prevent an instruction from completing its EX stage until the de- 
pendency is cleared. Thus, an instruction such as ADD AX.BX cannot complete its EX stage until execution 
of a previous ADD BX.CX is completed, since the value of operand BX is dependent upon the previous instruc- 
ts tion. 

However, junior instructions which pass to the EX stage without dependencies on a senior instruction may 
complete, and it is therefore possible for many instructions to pass a senior instruction which requires multiple 
clock periods in the opposite EX stage. This aspect of the preferred embodiment greatly increases instruction 
throughput 

20 tn the preferred embodiment, instructions are maintained in order until they cannot cause an exception. 
An exception is caused by a program error and is reported prior to completion of the instruction that generated 
the exception. By reporting the exception prior to instruction completion, the processor is left in a state which 
allows the instruction to be restarted and the effects of the faulting instruction to be nullified. Exceptions in- 
clude, for example, divide-by-zero errors, invalid opcodes and page faults. Debug exceptions are also handled 

25 as exceptions, except for data breakpoints and single-step operations. After execution of the exception service 
routine, the instruction pointer points to the instruction that caused the exception and typically the instruction 
is restarted. 

Any instruction which is capable of causing an exception must be restartable. Accordingly, if an exception 
occurs, the state of the machine must be restored to the state prior to starting the instruction. Thus, changes 

30 to the state of the machine by the instruction causing the exception and subsequent instructions must be un- 
done. Typically, restarting the instruction involves resetting the state of the register file and restoring the stack 
pointer, the instruction pointer and the flags. Because most exceptions occur at the AC2 stage, the exception 
is asserted at the output of the AC2 (except for exclusive instructions that cause exceptions in the EX stage). 
Instructions are restarted at the ID1 stage. 

35 if the instruction causing the exception is junior to the instruction in the corresponding AC2 stage (the 
neighboring instruction), then the neighboring instruction may continue to the EX stage. However, if the in- 
struction causing the exception is the senior instruction, both instructions must be restarted. In other words, 
the state of the machine must be restored to the state which existed prior to any changes caused by the in- 
struction causing the exception and will allow instructions earlier in the program sequence to continue through 

40 the pipelines. 

In the preferred embodiment, if a non-exclusive multi-box instruction is executing in one pipeline, multiple 
instructions may flow through the other pipeline during execution of the multi-box instruction. Because a multi- 
box instruction may use the AC1, AC2 and EX stages, only the stage processing the microinstruction with the 
head bit for the multi-box instructions is kept in order. Hence, the AC1 and AC2 will not prevent junior instruc- 
ts tions from advancing if the stages do not contain the microinstruction with the head bit Two factors will control 
whether instructions can continue to flow: (1) whether the multi-box instruction creates a data dependency 
with a junior instruction or (2) whether the multi-box instruction causes a resource dependency with a junior 
instruction. 

Resource dependencies are created when the junior instruction needs a resource being used by the senior 
so instruction. For example, in the preferred embodiment, only the X-pipe EX unit has a multiplier, in order to re- 
duce the area for the EX units. If a multi-box instruction is operating in the X-side EX unit, a subsequent in- 
struction needing the multiplier cannot be executed until after completion of the senior instruction. 

Figure 5 illustrates a flow chart illustrating the general operation of the pipe control unit 28 with regard to 
th passing of instruction from the AC2 stage to the EX stag and the completion of th EX stage. The pipe 
55 controller determines (200) whether an instruct! n can caus an excepti n at its pres nt stag (or beyond). If 
not,th instruction is allowed to complete (202) ahead of senior instructions (s I ngasthos senior instruction 
can no long r caus an exception). If the instruction may still cause an exception, then the pipe controller will 
not allow the instructi n to change th state of th micr processor before all senior instructions have mad 
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their changes to the stat of the microprocessor at that state (204). In other words, all state changes ar made 
in program order until the instruction can no longer caus an exception. 

Inth more specif ic case, discuss d above, block 204 of the flow diagram is impl mented by maintaining 
the program order of instructions through th AC2 stage. For the majority of instructions in the X86 instruction 
5 set, it can b determined whether an instruction will cause an exception by th AC2 stage. Exclusiv instruc- 
tions, which are allowed to cause an exception in the EX stage, are executed alone in the EX stage so that 
the state of the machine may be restored if an exception occurs. 

While the above description provides that the instructions are kept in order through the point where they 
can no longer cause an exception, an alternative, more general, method of pipe control would be to allow in- 
to structions to proceed out of order, so long as the instruction did not alter the state of the processor. 

5. Pipe Switching 

Referring to Figures 1a and 1b, the pipe control unit 28 controls whether an instruction switches between 
15 pipelines after the ID2 stage. Hence an instruction may progress through the pipelines from ID2x to either AC1x 
or AC1y and from ID2y to either AC1x or AC1y under the control of the pipe control unit 28. 

In the preferred embodiment, the pipe control unit 28 will decide which pipe, X or Y, to place an instruction 
based on certain criteria. The first criteria is whether one pipeline has a bubble which could be removed. If so, 
the pipeline will try to move the most senior of the instructions in the !D2 stage into that pipeline. Thus if AC1x 
20 is valid and AC1y is invalid, and the instruction in ID2x is the senior of the two instructions in the ID2 stage, 
then the pipe control unit 28 will transfer the instruction from ID1x to AC1y. 

The second criteria is to prevent new bubbles in the pipeline from occurring. To prevent bubbles from oc- 
curring, the pipe control unit 28 will attempt to keep dependent pairs of instruction, where the dependent in- 
struction may be delayed, from affecting other instructions. To accomplish this, in the preferred embodiment, . 
25 the pipe control unit 28 will keep adjacent instructions in program order from being on top of one another in a 
pipeline. 

Figure 6a illustrates this problem. At time T1, instruction 11 is in EXx, instruction 12 is in EXy, instruction 

13 is in AC2y and instruction 14 is in AC2x. 12 has a read-af ter-write dependency on 11 ; in other words, for in- 
struction 12 to be properly processed in the EXy stage, it must wait for the outcome of instruction 11 in the EXx 

30 stage. For example, 11 could be an ADD AX.BX instruction and 12 could be an ADD AX,CX instruction. 12 cannot 
complete because one of its operands will not be ready until after 11 completes. At time T2, 11 completes, leav- 
ing a bubble in EXx. 12 is executing in EXy. 13 cannot proceed to the EX stage until 12 completes. 14 cannot 
proceed to the EX stage because it is junior to 13 and, as stated above, instructions cannot proceed past a 
senior instruction until entering the EX stage. 

35 The consequence of maintaining adjacent instructions in program order from being on top of one another 
in a pipeline is shown in Figure 6b. in this example, the pipe control unit 28 has ordered the pairs in AC2 at 
time T1 such that 13 is in AC2x and 14 is in AC2y. The reason for ordering the instructions in this manner is to 
prevent 13 from being above 12 in the Y pipeline. Thus, at time T2, 11 has completed the EX stage and moves 
to the writeback stage. 13 can now move into EXx, thus preventing the occurrence of a bubble in EXx; Similarly, 

40 15 can move into AC2x. 

In some instances, the pipe control unit 28 must place adjacent instruction above one another in a pipeline. 
Typically, this situation is caused by an X-only instruction, which must be placed in the X pipeline, or because 
the pipe control unit 28 needed to remove a bubble, which necessitated a perturbation in the desired order. 
Figure 7 illustrates such a situation. At time T1, 11 and 12 are in EXx and EXy, respectively, 13 and 14 are in 

45 AC2x and AC2y respectively, 15 and 16 are in AC1 y and AC1x, respectively, because 16 is an X-only instruction ~ 
and therefore the pipe control unit 28 was forced to put 16 into AC1x, even though doing so forced 15 to be on 
top of 14 in the Y pipeline. 17 and 18 are in ID2x and ID2y, respectively. 14 has a read-after-write dependency 
on 13 and 16 has a read-after-write dependency on 15. At T2, 11 and 12 have moved to the WB stage and 13 and 

14 have moved into the EX stage. 16 has moved to AC2x and 15 has moved to AC2y; therefore the pipe control 
so unit 28 has allowed 17 and 18 to switch pipelines in order to prevent 17 from being on top of 16 in the X pipeline. 

19 and 110 have moved into ID2. 

At T3, 13 has completed in EXx and moved to EXy and 14 remains in EXy to complete its operation. As 
described in connection with Figure 6a, neither 15 or 16 can proceed down either pipeline, and thus instructions 

15 and ab ve remain in their respectiv stages. At T4, 14 completes and 15 and 16 mov into EXy and EXx, re- 
55 spectiv ly. 17 and 18 move to AC2y and AC2x, respectively, 19 and 110 move to AC1y and AC1x, respectiv ly, 

t prevent adjacent instructions 19 and 18 from both b ing in the X pipeline. 111 and 112 move into the ID2 stag . 

At T5, 15 completes and 17 moves into EXy. 16 stays in EXx because of the read-after-writ d pendency. 
19 moves to AC2y, 111 moves to AC1y and 13 moves to ID2x. As can be seen, th potential bubbl created by 
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16 remaining in EXx has been avoided due to proper s quencing of the instructions by th pipe contr I unit 
28. 

Although a specific ord ring of instructions has b n described in connection with Figur s 6-7, other meth- 
ods of sequencing instructions may be used to pr mote the efficient flow of instructions through the pip line. 

5 Also, the point of switching need not be at th ID2 stage. As shown above, the pip control unit 28 uses th 
switching p intt provide a sequ nee of instructions which r duces dependencies between instructions which 
could cause bubbles to be created. 

A flow chart illustrating the general operation of the pipe control unit with regard to pipe switching is shown 
in Figure 8. The pipe controller determines (210) whether the instruction must be placed down a certain pipe- 

10 line, such as an X-only instruction. If so, the pipe control unit 28 will place (212) the instruction in that pipeline 
as available. If the instruction can be placed in any pipe, the pipe control unit 28 will determine (214) whether 
there is a bubble in either of the pipelines which could be filled. If so, the pipe control unit 28 will move (216) 
the instruction into the stage with the bubble. If there are no bubbles (or if both pipelines are available), the 
pipe control unit 28 will place instructions in the X or Y pipelines based on an evaluation of the best sequence 

15 for avoiding dependencies ( 21 8 and 220). As described above, in one embodiment, the pipe controller avoids 
dependencies by avoiding the placement of adjacent instructions above one another in the same pipeline. 

6. Issuing Instructions Without Regard to Dependencies 

20 Instructions from ID1 to ID2 without regard to dependencies which may exist between the two instructions. 
An alternative approach is to determine whether a pair (or more) of instructions have a dependency, and if so, 
issue the first instruction with a bubble in the corresponding stage in the other pipe such that the bubble re- 
mains paired with the issued instruction through the pipeline. Consequently, the number of instructions that 
are processed over a given time period will be reduced. 

25 To improve performance, the microprocessor disclosed herein will issue instructions with dependencies 
simultaneously into the pipelines. The dependency is checked at the point where the instruction needs to use 
the data for which it is dependent. That is, the point at which the dependency will cause a stall in the pipeline 
depends upon the nature of the dependency if the dependent data is needed for an address calculation, the 
stall will occur in AC1, while if the data is needed for execution, the stall will occur in EX. Until the time of the 

30 stall, movement of the instructions in the pipe or other mechanisms may resolve the dependency, and thus 
provide for a more efficient flow of instructions. 

7. Multi-threaded EX Operation 

35 Referring to Figure 1a and 1b, the microsequencer circuitry 23 provides independent flows of microinstruc- 

tions to the EX stages. Hence, control of the EXx stage is independent of control of the EXy stage. 

By controlling the execution of both EX stages by two independent microinstruction flows, rather than us- 
ing a single microinstruction word to control both EX stages, greater flexibility in performing the instruction is 
provided, thereby increasing performance. Further, the additional hardware which would be necessary for sin- 
40 gle microinstruction control of the two EX stages is avoided. 

In particular, some exclusive instructions can benefit from the use of both the EXx and EXy stage. As well 
as using both EX stages, the exclusive instruction has access to both AC stages for address calculations —in 
such a case, the AC is also microinstruction controlled. 

While both EX (and AC) stages are being used to execute a single instruction, the respective EX stages 
45 continue to receive two independent flows of microinstructions from the microsequencer. The operation of the 
two EX units is maintained by proper coding of the microinstructions. 

8. Register Translation Unit 

50 8.1. Register Translation Overview 

Referring to Figure 1a and 1b, the register translation unit 25a is used for instruction level data hazard 
detection and resolution. Before completing execution in the EX pipe stage, each instruction must have its 
s urce operands valid. The register translation unit is used to track each of the registers to d termine if an 
55 activ instruction has an outstanding writ (a "write pending"). 

If an instruction has a source register with a writ p nding, a residual control w rd (See Section 9 and 
Figures 15a-b and 16a-b) ass ciat dwithth instructi n is marked at the AC1 stage to indicate that the sourc 
register has a write pending. As the instruction progress through the pipeline, each stage "snoops" the write- 
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back bus tod tect a write to the dependent register. If a write to the dep nd ntregist risd t cted, th write 
p nding field in the residual control word associated with the sourc register is cleared. 

Figure 9 illustrates a general block diagram of the regist r translation unit 25a. The Physical Register File 
(24 in Figure 1a) includes thirty two physical r gisters for storing information direct d to the eight logical reg- 
isters of the X86 architecture. Access to the physical regist rs is controll d by the register translation unit 25a. 
Stat information relating to the physical and logical registers is stored in translation control registers 236. 
Translation control circuitry 238 manages access to the physical registers based on the state information. 

Atrue data dependency arises from a RAW hazard which prevents the instruction from completing. There 
are also dependencies corresponding to a WAR (write-after-read) hazard, called an antidependency, and a 
WAW (write-after-write) hazard, called an output dependence. Antidependencies and output dependencies, 
which are not true data dependencies, can be removed through the use of register renaming, which is controlled 
by the register translation unit 25a. In register renaming, more physical registers are provided than the archi- 
tecture defines (logically or architecturally). By assigning a new physical register each time a logical register 
is to be written (destination of result), the register is renamed and eliminates both WAR and WAW hazards. 

The X86 architecture defines 8 general purpose programmer visible registers (EAX, EBX, ECX, EDX, EDI, 
ESI, EBP, ESP). In the illustrated embodiment there are 32 physical registers which will be used to map the 
eight general purpose registers (logical registers). Since the microprocessor will predict and execute instruc- 
tions before a conditional branch has completed execution, the register translation unit must be able to handle 
the consequences of a mispredicted branch. If the prediction is incorrect the microprocessor must restore the 
state back to the point of the conditional branch. As described below, checkpointing is used to save state in- 
formation before the speculative path is taken. Recovery from a incorrectly predicted conditional branch in- 
volves reverting to the checkpointed physical registers. 

For each AC1 pipe stage, the following operations are completed by the register translating and renaming 
hardware. 

1. Allocate (rename) up to two new registers which are destinations of the current instructions in the AC 
pipe stage. The allocation will proceed in program order due to dependencies created if both instructions 
specify the same register as destinations. 

2. Check for RAW dependencies for instructions in AC pipe stage. 

3. Check physical register ID's on the write back bus for registers used during AC for address calculations 
to enable bypassing and clearing of the write pending bit in the register translation unit 

4. Logical to physical translations for up to four registers. 

8.2. Translation Control Registers 

Figure 10 illustrates the translation control registers 236. A Logical ID register 240 maps logical registers 
to physical registers. The Size register 242 stores a code corresponding to the size of the logical register to 
which the physical register is assigned. This aspect is discussed in greater detail below. The Current register 
244 indicates the registers which are the most recently assigned for a given logical register. Thus, every time 
a new physical register is allocated, the current bit for the physical register which previously was -the current 
register for the corresponding logical register is turned off and the current bit for the newly allocated register 
is turned on. Consequently, at any time, the Current register 244 has eight bits on and twenty-four bits off. 
For each physical register, the Pending register 246 has a bit which indicates whether a write to that physical 
register is pending. 

Four checkpoint registers 248, ChkpntO - Chkpnt3, are used to store a copy of the Current register 244, 
each time a checkpoint occurs. In the preferred embodiment, checkpoints occur whenever a conditional branch 
or a floating point operation passes through AC1 . The checkpoint registers 248 are written to in a rotating basis. 
Exception Restore registers 250 store the current bits for each instruction in AC1 , AC2 and EX, as they existed 
before the allocation for the instruction was made in the AC1 stage. The contents of the Exception Restore 
registers follow the instructions as they move from stage to stage. 

8.3. Register Allocation 

For each instruction which writes results to a logical register, a new physical register is allocated by the 
r gister translation unit 25a. Th register all cation process first identifies a "free" physical register, i. .a reg- 
ister which is not in us . Detection of free registers is discussed in c nnection with Figure 11. Once a free r g- 
ister is located, the logical register numb r is placed in the physical register data structure and is marked cur- 
rent. The previous physical register which rep res nted the logical r gister has its curr nt bit cleared. 

Circuitry for identifying a free register is shown in Figure 10-11. A Register Busy regist r252 has on bit 
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location for each physical regist r. Each bit of the Register Busy register is set r sponsive to corresp nding 
locations in the Pending, Curr nt, Checkpoint and Exception R stor r gisters. As shown in Figur 11, bit n 
of the Register Busy register 252 is the result of a logical OR operation on the nth bit f the Pending, Current, 
Checkpoint and Exception Restore registers. A register is free if it corresponding bit in th Register Busy reg- 
ister is set to "0 U and is in use if the corresponding bit is set to "1". 

Upon allocation, the corresponding bit of the Current register is set to "1" to mark the physical register as 
the current register. A code is placed in the corresponding three bits of the Logical ID register 240 to indicate 
the logical register to which the physical register is assigned, and the corresponding bits of the size register 
are set to the size of the logical register being allocated (see Table 1 below). The pending bit corresponding 
to the physical register is also set. The instruction causing the allocation will write to the assigned physical 
register and any reads by subsequent instructions from the logical register will result in reads from this new 
physical register. This renaming will occur during the AC1 pipe stage and will be processed in program order. 
Processing the instructions in program order is required for the case where both instructions in AC1 x and AC1 y 
specify the same logical register as a source and destination. As an example, this can occur if both instructions 
are an ADD and the AX register is defined as both a source and destination. Through register renaming two 
new physical registers will be allocated for the logical AX register, with the last one being marked as the current 
one. The example below shows how each instruction is renamed. 

First instruction: (ADD AX, BX). Assume the physical register IDs for the AX and BX registers are currently 
"1" and "2 n , respectively, when the ADD instruction is received in AC1. Since the AX register is also the 
destination, a new physical register will be allocated for AX. This physical register will have an ID of M 3" 
(assuming that physical register "3" is free). The add instruction would then add physical registers "1" and 
"2" and write the results into register "3". 

AX (physical register 1) + BX (physical register 2) => AX (physical register 3) 
Second instruction: (ADD AX,BX). Since the AX register is a destination, a new physical register will be 
allocated for AX. This will have the ID of "4". Since the previous instruction renamed the AX register to the 
physical "3", it will be used as the AX source for the ADD, since it is marked as current as of the time of 
the allocation. Therefore, the second ADD instruction would add physical registers "3" and "2" and write 
the results into register "4." 

AX (physical register 3) + BX (physical register 2) -> AX (physical register 4) 
Since the X86 architecture allows certain registers to be addressed as words (e.g. "AX"), low bytes (e.g. 
"AL"), high bytes (e.g. "AH") or double words (e.g. "EAX"), a size is specified for each allocation, based on 
how the register was specified by the instruction. The possible allocatable portions of a register are shown in 
Figure 12a for the EAX register. Each physical register has a corresponding two bit field in the Size register 
which stores the code. Exemplary codes are shown in Table 1 . 



TABLE 1 



Codes for Size Register 


Code 


Size 


Example 


00 


word 


AX 


01 


low byte 


AL 


10 


high byte 


AH 


11 


double word 


EAX 



A method for register translation using variable size registers is shown in the Figure 12b. The translation 
control circuitry in the register translation unit (25a in Figure 1a) compares the size of the logical register to 
be allocated with the size of the current register for that logical register and determines whether the register 
may be allocated or whether the instruction must be stalled. 

A request for allocation is received (258), and the size of the register to be allocated is compared (260 and 
262) with the size of the corresponding current register. If two instructions specify the same logical destination 
register but as differ nt sizes (i.e., AH and AL), where the logical d stination of the second instruction in pro- 
gram order does not fully include th portion of the logical register allocated to the first instruction, a RAW 
depend ncy based on size is creat d. Acc rdingly, a r gister cannot be allocated until this dependency has 
been resolv d (264). 
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If the size of the logical register with a pending write of an instruction encompasses the portion of the logical 
r gister specif i dbyanearli r instruction (as defined in Table 2 b low, using the EAX register as an example), 
th n w register can b allocated (266). 



Table 2 



Register Sizes which Allow Allocation for Registers with Size Dependencies 


Size of Register with Pending Write 


Allowable Sizes for Allocating New Registers 


AL 


AL. AX, EAX 


AH 


AX, EAX 


AX 


AX. EAX 


EAX 


EAX 



8.4. Instructions With Two Destinations 

The majority of X86 instructions specify only one register destination. There are a few which specify two 
register destinations (e.g., XCHG AX.BX). So as not to complicate the register translation unit hardware, only 
one destination for an instruction can be renamed each clock. Therefore, a special case for the instructions 
which specify two destinations is used. These instructions, while in the AC1 pipe stage, will stall any other 
instruction from using the register translation hardware for one clock, so the second destination can be re- 
named. 

8.5. Checkpointing Registers for Speculative Branch Execution 

Referring to Figure 10, the microprocessor will predict the direction of a branch (conditional change of flow), 
and begin executing instructions in the predicted direction, before the branch has been resolved. If the branch 
is misprediction, the microprocessor must restore the processor state back to the point of the branch. 

The register translation unit (25a in Figure 1a) allows the microprocessor to save the processor state at 
the boundary of a branch by checkpointing the reg isters - copying the Current register 244 to one of the Check- 
point registers 248 - before speculatively executing instructions in the predicted direction of the branch. The 
Checkpoint registers 248 are written to in a rotating order. 

In the preferred embodiment, the registers are also checkpointed for floating point operations. 

Since checkpointing allows the microprocessor to return to the state defined by the checkpoint registers, 
it could be used for every instruction. However, resources must be provided for each checkpoint, and therefore, 
there is a trade-off between the functionality of checkpointing and the hardware resources to be allocated to 
checkpointing. In the illustrated embodiment, four checkpoint registers are used, allowing up to four check- 
points at any one time. 

Recovery from an incorrectly predicted branch (or a floating point error) involves reverting to the check- 
pointed physical registers. When a branch enters the AC stage of the pipeline the Current register 244 is copied 
to one of the Checkpoint registers 248 While executing instructions in the predicted direction, new registers 
will be allocated. When a new register is allocated, the physical register that is marked current will clear its 
current bit, as it normally would, if the predicted direction is incorrect, then the Checkpoint register 248 asso- 
ciated with the branch is copied to the current register, which will restore the state of the physical registers to 
the state which existed immediately prior to the branch. Hence, the microprocessor may recover from a mis- 
predicted branch or a floating point error in a single clock cycle. 

8.6. Recovery from Exceptions 

Referring to Figure 10, recovery from exceptions is similar to recovery from a mispredicted branch. If an 
exception ccurs with a given stage (AC1x, AC1 y, AC2x, AC2y, EXx, EXy) , th Exception register 250 asso- 
ciat d with that stage is copied int the current register. Since th Exc ption register for a given stage contains 
a copy of the Current r gister 244 as it existed prior to the allocation (which occurred in the AC1 stage) for the 
present instruction in the stage, copying the associated Excepti n register 250 to the Current regist r 244 will 
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reset the association of th physical registers to the logical registers to that which xist d before th xception 
causing instruction entered AC1. Thus, the pr sent invention allows the state of the machine to b modified, 
even though the instruction modifying the state may later cause an xception. 

To determine which Exception r gister should be used to restore the Curr nt register 244, th r gister 
translation unit 25a us s information fr m the pip control unit (28 in Figure 1a). When an exception occurs, 
the pipe control unit will flush stages of the pipelines. Using signals from the pipe control unit which indicate 
which stages were flushed, and which stages were valid at the time of the flush, along with the XFIRST bit for 
each stage, the register translation unit will determine the most senior flushed stage. The exception register 
corresponding to this stage is copied into the Current register 244. 

8.7. Microcontrol of the Register Translation Unit 

Referring to Figure 1a, the register translation unit 25a is normally controlled via signals produced by the 
pipeline hardware, in certain instances, however, it is beneficial to control the register translation unit 25a 
through microcode signals generated by the microsequencer in microcontroller 26 as part of an instruction. 
For example, exclusive instructions will require access to the register translation unit hardware to determine 
which physical register is mapped to a logical register. Instructions such as PUSHA(push all) require a logical 
to physical translation of ail eight logical registers during their execution. 

To efficiently accommodate the need to access the register translation unit by exclusive instructions, con- 
trol signals are multiplexed into the register translation unit 25a through multiplexers controlled by the micro- 
code, as shown in Figure 13. Control signals generated by the hardware and by the microcode (via the micro- 
sequencer) are input to a multiplexer 260. The multiplexer passes on of the control signals based on the value 
of a Microcode Select signal which controls the multiplexer 260. The Microcode Select signal is generated by 
the microcode. Hence, if the microcode associated with an instruction needs the register translation unit 25a, 
one of the microinstruction bits enables the multiplexers 260 to pass the microcode control signals rather than 
the signals from the pipeline hardware. Other bits of the microinstruction(s) act as the control signals to the 
register translation unit 25a to enable the desired function. Instructions which do not need the register trans- 
lation unit for their execution will enable the multiplexers to pass only the control signals generated by the hard- 
ware. 

8.8. Register ID Translation and Hazard Detection 

Responsive to a request for a logical register, the register translation unit (25a in Figure 1a) will supply the 
identification of the current physical register mapped to the requested logical register. Also, the register trans- 
lation unit will output eight bits, one for each logical register, indicating whether the current physical register 
for the associated logical register has a write pending. These bits are used to detect RAW hazards. 

In the preferred embodiment, the register translation unit is formed from a plurality of cells, each cell rep- 
resenting one physical register. Figure 14a illustrates a schematic representation of one cell 270 as it relates 
to register ID translation and hazard detection. In response to a 3-bit code representing one of the eight logical 
registers placed on the transjd bus, a 5-bit code representing the current physical register for the specified 
logical register will be place on the phyjd bus. Each cell 270 receives the code from the transJD bus. The 
3-bit code on the transjd bus is compared to the bits of the Logical ID register corresponding to that cell. In 
the preferred embodiment, the bits of the control registers 240-252 are divided between the cells such that 
ach cell contains the bits of each register 240-252 corresponding to its associated physical register. 

The Logical ID bits are compared to the 3-bit code by comparator 272. The match signal is enabled if the 
3-bit code equals the Logical ID bits. The match signal and the Current bit for the cell are input to AND gate 
274. Hence, if the physical register represented by the cell is associated with the specified logical register, 
and if the physical register is marked as the current register for the specified logical register, the output of the 
AND gate 274 will be a "1 The output of AND gate 274 enables a 5-bit tri-state buffer 276. If the output of the 
AND gate is a T, the buffer passes the physical ID associated with the cell to the phy_id bus. For a given 
logical register ID, only one physical register will be current; therefore, only one cell will have its tri-state buffer 
enabled. 

The Logical ID bits are also input to a 3-to-8 decoder 278. Thus, one of the eight outputs of the decoder 
278 will be enabled responsive to th I gical r gister mapp d t that c II. Each output of th decoder 278 is 
coupled to th input of a respective AND gate 280 (individually denot d as AND gates 280a-280g). Each AND 
gat 280 also r ceives the Current and Pending bits forthe physical register associated with the cell. Th output 
of each AND gate 280 is coupled to a respective hazard bus associated with each logical register. For example, 
AND gate 280a is coupl d to the hazardEAX bus which is associat d with the EAX logical r gister. AND gate 
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280g is coupled to th hazard ESP bus which is ass ciated with the ESP logical register. 

Foragiv nc II, at most one AND gate 280 will b enabled, if that cell repr sentsth I gical register map- 
ped to the physical register represented by that cell, and if the physical r gister is marked current with a write 
pending. As shown in Figure 14b, the hazard bus s perform a wir d-OR on the outputs of each c II. For each 
5 hazard bus, nlyoneofth associated AND gat s 280 will be enabl d, since nly one Current bit associated 
with the logical register will be nabled. If th Pending bit associated with the current physical register is also 
enabled, the corresponding AND gate 280 will be enabled and the hazard bus will indicate that there is a write 
pending to that logical register. This information is used to detect RAW hazards. 

10 9. Forwarding 

As described above, a RAW dependency will cause the microprocessor to stall on the dependent instruc- 
tion. In the preferred embodiment, "forwarding" is used to eliminate RAW dependencies in certain situations 
in order to increase instruction throughput. Forwarding modifies instruction data to eliminate RAW depend- 
15 encies between two instructions which are both in the EX stage at the same time. 

Two types of forwarding are used in the preferred embodiment. "Operand forwarding" forwards, under cer- 
tain conditions, the source of a senior MOV (or si mil ar)_inst ruction to a junior instruction as source data for 
that instruction. "Result forwarding" forwards, under certain conditions, the result of a senior instruction directly 
to the destination of a subsequent MOV (or similar) instruction. 
20 The following code illustrates operand forwarding: 

1) MOVAX.BX 

2) ADDAX,CX 

Referring to Figures 15a-b, using operand forwarding, the junior ADD instruction will be effectively modi- 
fied to BX+CX=>AX. Each instruction is associated with a residual control information stored in a residual con- 

25 trol word which includes the sources (along with fields indicating whether there is a write pending to each 
source) and destinations for the operation, among other control information (not shown). Thus, assuming that 
physical register "0" is allocated to logical register BX and physical register "1 " is allocated to logical destination 
register AX, a "0" is stored in the SRCO (source 0) field and a "1" is stored in the DES0 (destination 0) field of 
the residual control word associated with the MOV instruction. Similarly, assuming that physical register "2" 

30 is allocated to logical register CX, forwarding allows a "1 " to be stored in the SRCO field of the residual control 
word associated with the ADD instruction (since the destination register of the MOV instruction is one of the 
sources for the ADD instruction) ~ a "2" is stored in the SRC2 field and a "3" is stored in the DES0 field (since 
register renaming will find a free register for the logical destination AX register). 

As can be seen, a RAW dependency exists between the MOV and the ADD instruction, since the MOV 

35 instruction must write to physical register "1 " prior to execution of the ADD instruction. However, using operand 
forwarding, this dependency can be eliminated. As shown in Figure 15b, operand forwarding does not affect 
the MOV command. However, the residual control word of the ADD instruction is modified such that trie SRCO 
field point to physical register associated with logical source register BX for the MOV. 

Similarly, result forwarding modifies the residual control word of a junior MOV instruction with the result 

40 of a senior instruction. To describe result forwarding, the following sequence is used: 

1) ADD AX.BX 

2) MOVCX,AX 

Referring to Figures 16a-b, result forwarding modifies the MOV command such that the CX register is load- 
ed with the data generated as the result of the ADD instruction. Physical register "0" is allocated to logical 

45 source register BX, physical register "1" is allocated to logical source register AX, physical register "2" is allo- 
cated to logical destination register AX, and physical register "3" is allocated to logical destination register CX. 
Thus, a RAW dependency exists between the two instructions, since the destination of the ADD instruction 
(physical register 2) is the source of the MOV instruction. 

After result forwarding (Figure 16b), the ADD instruction remains unchanged; however the residual control 

50 word associated with the MOV instruction is modified such that the destination register CX (physical register 
3) receives its data from the write-back bus associated with the EX unit performing the ADD (shown in Figure 
16b as the X-side write-back bus) at the same time AX is written. Consequently, the RAW dependency is elim- 
inated, and both the ADD and the MOV instructions may be executed simultaneously. 

Forwarding is used only under certain conditions. On of the instructi ns in the sequence must be a MOV 

55 instruction or similar "non-working" instruction. A non-working instruction is one that transfers operand data 
f r m one location to another, but does not perform substantive operations on the data. A working instruction 
generates new data in response to op rand data or modifies operand data. In the X86 instruction set, th non- 
working instructi ns would include MOV, LEA, PUSH <reg>, and POP <reg>. Also, OR<reg1>,<reg1>and AND 
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<reg1>,<reg1>(wh re both the source and d stination regist rs are the same) can be consid red "non-work- 
ing 11 instructions because they ar used only to set flags. 

Further in the pref rred embodiment, forwarding is used only in cases where both instructions in the se- 
quence are in their respective EX units at th same clock cycle. F rwarding searches up to three instructions 

5 (in program rder)ah ad of an instruction in the AC2 stage to determine wh ther a forwarding case can occur. 
Even if the forwarding instruction is two instructions ahead, forwarding can occur if the forwarding instruction 
delays in the EX stage long enough for the instruction in the AC2 stage to move to the EX stage. 

As shown in Figure 17a, in the situation where instructions "1" and "2" are in the X- and Y-side EX units, 
respectively, and instructions "3" and "4" are in the X- and Y-side AC2 units, instruction "4" looks at instructions 

10 "3" and T to determine whether an operand or result forwarding situation is possible. Since instruction "4" is 
still in the AC2 stage, it cannot forward with instruction "1" unless instruction "I" delays in the EX stage until 
instruction "4" is issued into the Y-side EX stage. Similarly, if a forwarding situation is possible with instruction 
"3", the forwarding will occur only if both "3 tt and "4" are issued to the respective EX stages such that they are 
concurrently in the EX stage for at least one clock cycle. 

is Instruction M 4 U does not look to instruction "2" for a forwarding situation, since both instructions cannot 

be concurrently in the EX unit given the architecture shown. Bypassing may be used to reduce the latency 
period of RAW dependencies between instruction "4" and "2". With alternative pipeline configurations, such 
as an architecture which allowed switching pipes at the AC2/EX boundary, it would be possible to forward be- 
tween instruction "4" and "2". 

20 Figure 17b illustrates the conditions monitored for forwarding in connection with instruction "3" given the 

initial conditions set forth in connection with Figure 17a. In this state, only instruction "2" is monitored for a 
forwarding situation. Instruction "1" cannot forward with instruction "3 H because they cannot concurrently be 
in the EX stage. Instruction "3" cannot have a RAW dependency on instruction "4 W because instruction "4" is 
junior to instruction "3" (although, as shown in Figure 17a, instruction "4 N can have a RAW dependency on 

25 instruction m 3 a ). 

A block diagram of the forwarding control circuitry is shown in Figure 18. The circuitry of the forwarding 
control stage is associated with the AC2 stage. The forwarding control circuitry 300 includes operand monitor 
and control circuitry 302 to monitor the source operands of the instructions in the AC2 pipe stage and the 
source and destination operands of the instructions in the EX stage and to modify the residual control infor- 
30 mation as described above. Further, once the possibility of a forwarding situation is detected, instruction move- 
ment monitoring circuitry 304 of the forwarding control circuitry 300 monitors movements of the instructions 
to detect the presence of both instructions in the respective EX units to implement forwarding. Control circuitry 
306 coordinates the operand monitor and control circuitry 302 and instruction movement monitor circuitry 304. 
In the preferred embodiment, the forwarding circuitry is part of the registerf ile control found in the physical 
35 register file (24 in Figure 1a). The register file control also maintains the residual control words. 

While forwarding has been discussed in relation to a processor using two instruction pipelines, it could 
be similarly used in connection with any number of pipelines. In this case, the forwarding control circuitry would 
monitor the residual control words associated with instructions in the EX units of each of the pipelines at the 
EX and AC2 stages. 

40 Forwarding and register translation are independent of one another. In a given microprocessor, either or 

both techniques can be used to increase instruction throughput 

10. Conclusion 

45 While the present invention has been described in connection with a specific embodiment of two pipelines 

with specific stages, it should be noted that the invention, as defined by the claims, could be used in connection 

with more than two pipelines and different stage configurations. 

The pipe control unit disclosed herein provides an efficient flow of instructions through the pipeline, which 

increases the rate at which the instructions are processed. Hence, a higher instruction throughput can be ach- 
so ieved without resort to higher frequencies. Further, the register translation unit and forwarding eliminate many 

dependencies, thereby reducing the need to stall instructions. 

Although the Detailed Description of the invention has been directed to certain exemplary embodiments, 

various modifications of these embodiments, as well as alternative embodiments, will be suggested to those 

skilled in the art. F r example, whil various methods and circuits for pipeline control hav been illustrated in 
55 c njunction with one another, independent use one or mor of th various methods and circuits will generally 

lead to beneficial results. 

The invention ncompass sanym dificati ns to the described mbodiments or alternativ embodiments 
that fall within the scope th reof. 
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Claims 

1. A superscalar, pipelined pr c ssor with a plurality of ex cution pipelines ach with a plurality of stages 
in which instructions issued into a pipeline ar processed, thereby altering processor state, comprising: 

instruction issue m ans for issuing instructions into multiple pipelin s without regard to data de- 
pendencies between such issued instructions; and 

pipeline control means for monitoring data dependencies between instructions in multiple pipe- 
lines; 

the pipeline control means controlling the flow of instructions through the stages of the pipelines 
such that a first instruction in a current stage of one pipeline is not delayed due to a data dependency on 
a second instruction in another pipeline unless such data dependency must be resolved for proper proc- 
essing of the first instruction in such current stage. 

2. The processor of Claim 1 wherein the data dependencies to be resolved include re ad- after- write depend- 
encies in which a first instruction in a first pipeline must write results to a register before a second in- 
struction in a second pipeline can read such result data from that register. 

3. The processor of Claim 1 or 2, further comprising register translation means, including register renaming 
means for eliminating write-af ter-write and write-after-read data dependencies using register renaming. 

4. The processor of Claims 1-3, further comprising data forwarding means for eliminating, for selected in- 
structions, data dependencies by forwarding an operand or a result from a senior instruction directly to 
a junior instruction. 

5. A superscalar, pipelined processor processor with a plurality of execution pipelines each with a plurality 
of stages in which instructions issued into a pipeline are processed, thereby altering processor state, com- 
prising: 

instruction issue means for issuing instructions into the pipelines; and 

pipe control means for monitoring the relative sequence of instructions in the pipelines, and, for 
each stage of each pipeline in which an instruction can cause an exception, monitoring the exception sta- 
tus of an instruction; 

the pipe meanscont rolling instruction flow in the pipelines such that, for a given stage, a junior in- 
struction cannot modify the processor state before a senior instructionuntil after the senior instruction 
can no longer cause an exception. 

6. A superscalar, pipelined processor with a plurality of execution pipelines each with a plurality of stages 
in which instructions issued into a pipeline are processed, thereby altering processor state, comprising: 

instruction issue means for issuing instructions into the pipelines; and 

pipe control means, including pipe switching means for selectively switching instructions between 
pipelines; 

the pipe switching means ordering instructions in the pipelines so as to reduce dependencies be- 
tween instructions. 

7. A superscalar, pipelined processor with a plurality of execution pipelines each with a plurality of stages, 
including an execution stage, in which instructions issued into a pipeline are processed, thereby altering 
processor state, comprising: 

instruction issuing means for issuing instructions into the pipelines; 

for selected instructions, the instruction issue means issuing a single instruction into at least two 
pipelines 

microcontrol means for providing independent microinstruction flows to respective execution sta- 
ges of the pipelines; 

for each such selected instructions, the microcontrol means selectively controlling the flow of mi- 
croinstructions to the execution stages of the at least two pipelines such that these execution stages are 
independently controlled to process the selectedi instruction. 

8. A superscalar, pipelin d processor with a plurality of execution pipelin s each with a plurality of stages 
in which instructions issued into a pipeline are processed, th r by altering processor state, comprising: 

instruction issue means for issuing instructions into the pipelines; and 

pip c ntrol means f r monitoring, for each pipeline, state information f r ach stage; 
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for each pipeline, th pipe control means controlling the flow of instructions b tw en stages re- 
sponsive to processor state information, such that an instruction is allowed to advance from one stage 
to another ind pendent of the movement of other instructions in corresponding stages of other pip lines. 

9. Asuperscalar, superpipeiin d processor with a plurality of execution pipelines each with a plurality of sta- 
ges in which instructions issued into a pipeline are processed, thereby altering processor state, compris- 
ing: 

instruction issue means for issuing instructions into the pipelines, including first and second in- 
structions; 

pipe control means for detecting any dependencies between the first and second instructions; and 
register translation means responsive to detection of an instruction dependency by the pipe control 
means for modifying an operand source for one of the first and second instructions to eliminate a de- 
pendency between suchinstructions. 

10. A pipelined processor having an execution pipeline with a plurality of stages in which instructions issued 
into a pipeline are processed, thereby altering processor state, the instructions referencing a defined set 
of logical registers.comprising: 

a register file including a plurality of physical registers in excess of the number of logical registers; 

register translation means for allocating physical registers to logical registers, and for each physical 
register, storing an indication of whether such physical register holds the current value of the correspond- 
ing logical register; 

in response to an instruction that writes a result to a destination logical register register, the register 
translation means allocating a new physical register to such destination logical register, and designates 
such that the new physical register as current for such destination logical register; 

checkpointing means for checkpointing state information defining a set of physical registers that 
have been most recently allocated to each of the logical registers prior to allocating a physical register, 
and associating such checkpointed state information with a current stage for the instruction causing the 
allocation; and 

exception handling means for restoring such checkpointed state information responsive to an ex- 
ception caused by the instruction causing the allocation. 

11. A pipelined processor having an execution pipeline with a plurality of stages in which instructions issued 
into a pipeline are processed, thereby altering processor state, the instructions referencing a defined set 
of logical registers having multiple addressable sizes as sources and destinations of operands for the in- 
struction.comprising: 

a register file including a plurality of physical registers in excess of the number of logical registers; 

and 

register translation means for selectively allocating one of said physical registers to one of said log- 
ical registers responsive to an instruction for writing to said one of said logical registers and the size as- 
sociated with the logical register. 

1 2. A pipelined processor having an execution pipeline with a plurality of stages in which instructions issued 
into a pipeline are processed, thereby altering processor state, the instructions referencing a defined set 
of logical registers having multiple addressable sizes as sources and destinations of operands for the in- 
struction, comprising: 

a register file with a plurality of physical registers in excess of the number of logical registers; 

scoreboard means for associating with each physical register a indication of whether it is a current 
register, and a a logical ID code identifying the logical register to which the physical register is allocated; 
and 

register translation means for receiving a logical ID code for a requested logical register and com- 
paring the received logical ID code to the logical ID code stored in the second memory; 

the register translation means outputting a physical ID code if said received logical ID code corre- 
sponds to the logical ID code stored in said second memory and if said first memory indicates that the 
physical register is a current register. 

13. A pip lined processor having an ex cution pipeline with a plurality of stages in which instructions issued 
into a pipelin are pr cess d, th r by altering proc ssor state, the instructions ref rencing a defined set 
of logical registers having multiple addressable siz s as s urces and destinati ns of operands for the in- 
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struction, comprising: 

a register f il with a plurality of physical r gisters in excess of th number of logical registers; 
r gister translation means for generating signals for r spectiv I gicai registers indicating whether 
a data dep ndency exists for that logical register. 

14. A pipelined processor having an execution pipeline with a plurality of stages in which instructions issued 
into a pipeline are processed, thereby altering processor state, the instructions referencing a defined set 
of logical registers having multiple addressable sizes as sources and destinations of operands for the in- 
struction, comprising: 

mtcrocontrol means for providing, for each instruction, a sequence of microinstructions controlling 
execution of the instructions in an execution stage of the execution pipeline; 

a register file with a plurality of physical registers for storing information associated with the logical 
registers; and 

register translation means for allocating physical registers to the logical registers; and 
for selected instructions, the register translation means being enabled to be controlled by micro- 
instructions from the microcontrol means. 
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